The effect of external shading on optimum insulation thickness is investigated. The investigation is carried out by using an explicit finite volume method. Intercepting the direct solar radiation has a great effect on peak cooling load. The optimum insulation thickness with respect to shade level is determined.
Introduction
The increase in energy consumption worldwide of building sector, due to improvement in standard of living and deterioration of the thermal quality of recent constructions, has a significant impact on the operational cost of the building and the environment. In this regard, it is important to promote the passive techniques for reduction of energy requirement. Walls and roofs have to be designed to operate as passive systems over the lifetime of buildings, because an important part of heating and cooling requirements of the zone is due to heat transfer through the building envelope. A passive system is an assembly of natural and architectural components, such as shading, orientation, insulation and thermal mass of the building which decrease the energy used for cooling and heating buildings.
The impact of external shading on energy conservation of the building was studied by many authors. The influence of the presence of plants on the outside surface heat flux was also studied experimentally by Papadakis et al. [1] . The south-west oriented wall of a building at the Agricultural University of Athens was chosen for investigations. Results presented for 4 summer days show that the radiative and the thermal loads in shaded area are much lower than in unshaded area.
In Hong Kong, the influence of adjacent shading on the energy requirement of a residential building was investigated by Chan [2] . Results show that some layout design can provide reduction in annual cooling of up to 18.3% compared to the layout design without adjacent shading effect.
The effect of shading by neighboring buildings and trees on household energy consumption in Canada was studied by Nikoofard et al. [3] . The study was conducted using the ESP-r simulation program. A two-storey house was chosen as the test case house. The impact of surrounding objects on the energy requirement was investigated. It was found that the cooling and heating energy requirement can be affected by 90% and 10%, respectively.
The insulation of building external walls significantly reduces the heating and cooling requirements of the zone. The increase in insulation thickness decreases energy requirement and, thus, the energy cost but increases the initial cost of the structure. The determination of the thickness of insulation layer that minimize the total cost of insulation and energy consumption over the lifetime of the building is absolutely necessary for economic analyzes.
Many authors determined the optimum thickness from the yearly transmission loads estimated, by assuming the steady-state heat transfer using the degree-days or degree-hours concepts [4, 5] . These methods present the inconvenience of not taking into consideration the effects of solar radiation and thermal mass. Yu et al. [6] used the solar-air cooling degree-days and heating degreedays concepts to determine the optimum insulation thickness in four cities in China. Solar-air cooling degree-days and heating degree-days are obtained from the difference between the solar-air temperature and indoor base temperature. Other authors determined the optimum insulation thickness from the annual transmission loads calculated under transient conditions using analytical methods [7, 8] or numerical methods [9, 10] .
Numerical methods, such as finite difference methods, finite control volume methods, finite element method, transfer function method etc. [11] , are often used for the calculation of heat-transfer through the building envelope. Numerous validated dynamic software used to simulate a building thermal behavior, applies the transfer function approach (e.g. TRNSYS, EnergyPlus, Xam). This method is not suitable for heavy walls having high thermal mass when using the time step of an hour [12] . Other validated software for building simulation use finite element (e.g. HAMFitPlus, TRNSYS ITT) or finite control volume approach (e.g. IDA-ICE, H-Tools). H-Tools which is a library of Simulink models offers the possibility to adjust each existed block for specific user demand. In this work, H-Tools components [13] are used to solve the nonlinear problem describing the heat transfer through a typical multilayer wall.
The effects of many design features on cooling and/or heating transmission loads and, thus, on optimum insulation thickness were studied by many authors. The influence of wall orientation on the optimum insulation thickness of external wall was investigated by some authors. According to results obtained by Daouas [8] and Ozel [14] , optimum insulation can vary up to 1.6 cm and 0.5 cm when changing the wall orientation, respectively. The study of Yu et al. [6] in four China typical cities based both on cooling and heating transmission loads, showed that the effect of color on optimum insulation thickness is insignificant. Likewise, the study of Oz€ el [15] based on both cooling and heating transmission loads showed that solar absorptivity has very small effect on the optimum insulation thickness in the climatic conditions of Elazig, Turkye.
In the tropical regions, ambient temperatures and solar radiation levels are sufficiently high that, even during winter, buildings do not need energy for heating [16] . Thus, shading and/or insulation of the buildings located in these areas should be essentially beneficial. As can be seen in the literature survey, studies aiming to determine the optimum insulation thickness did not include the shade level of the building site. However, in the most Sub-Saharan African countries, the buildings using the HVAC systems are mainly located in urban areas where shading provided by surrounding buildings is often significant.
The objective of this work is to determine the optimum insulation thickness of a building exterior walls, energy savings and payback periods with respect to shade level of the building site. The study is carried out under the climatic conditions of Douala in Cameroon located in the tropical region by assuming five shade levels (0, 25, 50, 75 and 97% shades).
Methodology

Mathematical formulation
A model of composite wall used in this study is described in Fig. 1 . The outside surface is exposed to ambient conditions while the inside surface is exposed to room air maintained at constant temperature. Unidirectional heat flow is assumed since the thickness of the wall is generally small according to its width and height [15] . This assumption is made in many validated software for building simulation (e.g. TRNSYS, WUFI-Plus, EnergyPlus, Ham-Tools) [11] . Assuming perfect contact between the layers, the temperature T(x,t) at x coordinate point and at time t verifies the following equation:
where the subscript j represents the jth layer of the composite wall and l j , c j and r j are the thermal conductivity, the specific heat and the density of the jth layer, respectively. To solve Eq. (1), an initial condition and two boundary conditions need to be specified. At t ¼ 0, it is assumed that all points of the wall are at the same temperature which is equal to the room air temperature. The boundary condition at the inside surface is shown in Eq. (2) .
where l M is the thermal conductivity of the inner layer of the composite wall, h i is the combined convection and radiation heat transfer coefficient at the inside surface, L is the thickness of the composite wall and T i is the indoor air temperature. At the outside surface, the boundary condition is given by:
where l 1 is the thermal conductivity of the outer layer of composite wall, h o is the combined convection and radiation heat transfer coefficient at the outside wall and T sa is the solar-air temperature.
where T o is the ambient air temperature, a is the solar absorptivity and I t is the total solar radiation incident on the tilted surface which can be expressed as:
where I b , I d and I are direct, diffuse and global solar radiations on the horizontal plane respectively; r r is the ground reflectivity taken as 0.2 in this study; q is the incident angle; q z is the zenith angle; b is the tilted surface angle with respect to the horizontal and sd, expressed in percentage, defines the shade level. sd ¼ 0 (0% shade) means the sunlight is allowed to fall on the outside surface of the wall without any barrier.
where d, f and u are the declination, latitude and hour angle, respectively and g is the azimuth angle of the surface. The values of g are À90 , 0 , 90 and 180 for wall facing east, south, west and north, respectively.
Calculation method
To solve the above non-linear problem, a Simulink model is constructed from H-Tools which is a library of models developed by Chalmers University of Technology (Sweden) in partnership with Technical University of Denmark and it is publicly available for free downloading. In the wall model used in this work, each sandwich layer consists of five "material" nodes blocks while external or internal layer consists of three "material" nodes blocks and a "surface material" node block. The validation of the above used blocks was done by comparing its results with those from Match (commercial and "reliable" HM program) [17] . In this study, the following Simulink parameters are used: solver: ode23tb (stiff/TR-BDF2); maximum time step: 3600 s.
It is assumed in this work that, during each month, the climatic variables on the outside surface are periodic. Thus, the daily cycle of the solar-air temperature, representing the monthly average, is repeated on consecutive days during a month.
The numerical solution of the above non-linear problem shows the instantaneous temperature at the inside surface, which is used to estimate the instantaneous heat gain/loss by the zone as:
Daily cooling and heating transmission loads are obtained by integrating the positive and negative values of q i , respectively, over a period of 24 h when the steady periodic condition is reached. Yearly cooling and heating transmission loads are obtained by adding daily cooling and heating loads, respectively.
Hourly climatic variables estimation
The climatic variables required by the weather block of the Simulink model to carry out simulations in this study are hourly data of air temperature, global and diffuse radiation on horizontal surface and normal direct radiation. In the absence of hourly measured climatic variables for Douala, some techniques were employed to interpolate the available climatic data (see Appendix for details).
Description of building walls
The common materials used for the construction of the modern buildings in Cameroon are hollow concrete block, slab concrete or earth block [18] . In this work, typical composite wall structures shown in Fig. 2 are considered. From the exterior to the interior, the uninsulated wall consists of plaster (2 cm), hollow concrete block (20 cm) and plaster (2 cm) while the insulated wall consists of plaster (2 cm), insulation material (expanded polystyrene), hollow concrete block (20 cm) and plaster (2 cm). Thermal properties of plaster, hollow concrete block and expanded polystyrene used in the walls described in Fig. 2 are shown in Table 1 .
Optimization model of the insulation thickness
The use of thermal insulation reduces the heat gain/loss through the building envelope, and thus, the energy consumption cost of the building. Nevertheless, the installation of the insulation layers in the external walls increases the initial cost of the building. Therefore, an economic analysis should be performed in order to estimate the optimum insulation thickness which minimizes the total cost [8] .
The total cost (C t ) is the sum of the cost of insulation material and the present worth of the cost of energy consumption over the lifetime of the building. It is given as:
where C ins is the cost of insulation material per unit volume ($ m À3 ), PWF is the present worth factor, L ins is the insulation thickness and C enr is the annual cost of energy consumption per unit wall area. where Q c is the yearly cooling transmission need per unit area of external wall (kWh m À2 ), COP is the coefficient of performance of air-conditioning system and C el is the cost of electricity ($ kWh À1 ).
where n is the lifetime of the building and r is a parameter depending on the inflation (g) and the interest (i) rates [21] given as:
r
The energy savings is the difference between the total cost without insulation and the total cost with optimum insulation. The payback period (p b ) can be obtained by solving the following equation:
where A S is the annual energy savings obtained by dividing the energy savings by the PWF. The parameters used in this section are given in Table 2 . The value of COP is the same as that used by Claessens et al. [20] when studying the efficiency of the active cooling methods in tropical region. The value of the lifetime used in this study is that found in literature [8, 9] . 
Expanded polystyrene [19] 10 1400 0.04 Cement plaster [20] 2200 1050 0.87 Hollow concrete block [20] 1250 880 0.67 
Results and discussion
Environmental conditions
The study is carried out for a hollow concrete wall in the climatic conditions of Douala (latitude: 4 01 0 , longitude: 9 44 0 and standard meridian: 15 E). The outdoor temperature and solar radiation are assumed to be the average diurnal for each month (see Appendix). The indoor air temperature is kept constant at T i ¼ 24.50 C which is in the thermal comfort temperature range [24] . The solar absorptivity of considered wall is supposed to be equal to 0.6 (for medium color [16] ). The exterior and the interior combined convection and radiation heat transfer coefficients (h o and h i , respectively) are selected to be 9 and 22 Wm À2 K À1 , respectively [8] . The daily climatic variables (total solar radiation on vertical surfaces and maximum and minimum temperatures) for representative days of months (assumed to be 15th) are presented in Fig. 3a . It is seen that the highest value of the monthly mean maximum air temperature that occurred in February is 33.05 C while its lowest value that occurred in July is 22.81 C. It is also noted that the total daily radiation on a tilted surface depends on the day and wall orientation. The daily total solar radiation received by the vertical wall is highest (14.08 MJ m À2 ) for the south oriented wall in December and lowest (5.40 MJ m À2 ) for the same wall orientation in August. Thus, the solar radiation and temperature levels suggest where it should be beneficial to provide shade throughout the year. The hourly variations of solar-air temperature for all wall orientation on December 15 are plotted in Fig. 3b . The graph shows that the peak of hourly solar-air temperature (45.09 C) obtained for wall facing south occurred approximately at 13 h. The maximum value of solarair temperature of wall facing west is higher compare to that of east wall since the maximum outdoor temperature occurs at 14 h when the west oriented wall receives more solar radiation than east oriented wall. The last result is in harmony with that obtained by Ozel [10] .
Effect of shading on peak cooling transmission load
In this section, the effect of shading is limited to the obstruction of the direct component of solar radiation only. The investigation is carried out for north and south facing walls. Fig. 4 presents the impact of intercepting direct solar radiation reaching the uninsulated wall on the peak cooling transmission load on the representative days of months. It is shown that obstructing the direct sunlight reaching the wall can provide reduction in peak cooling load up to 33.98% and 14.68% for south and north wall orientation, respectively. It is also noted that the highest reduction is obtained on the representative day of December (near winter solstice) for wall facing south and June for wall facing north (near summer solstice), respectively. It is also observed that the highest peak cooling load occurs in January for the unshaded wall facing south and its protection against direct solar radiation provide reduction in peak cooling load by 30.93%. 
Effect of shading on daily and yearly transmission loads
The daily cooling transmission load on the representative day of each month for uninsulated wall with respect to shade level is plotted in Fig. 5 . The results are shown for the east/west facing wall. It is seen that the highest value of daily cooling load occurred in February while its lowest value occurred in August. The results also show that as the percentage of solar radiation obstructed increases, daily cooling load decreases significantly for all days. It can be also noted that even at 97% shade, the daily heating load is zero for each month. This is due to the fact that the ambient temperature level over the year is sufficiently high so that even in the absence of solar radiation, the zone does not require heating. Fig. 6a presents the variation of yearly cooling transmission load versus insulation thickness with respect to shade level for the east/ west oriented wall. It is seen that yearly cooling load decreases with increasing insulation thickness. The last result is similar to those obtained in literature [10] . Fig. 6b depicts the variation of yearly cooling transmission load versus shade level with respect to insulation level. It is clearly seen that yearly cooling transmission load decreases linearly with shade level for all insulation thicknesses. The decrease rates are 1.73, 0.69, 0.43, 0.31 and 0.25 MJ m À2 per percentage of solar radiation blocked for uninsulation, 3, 6, 9 and 12 cm insulation wall, respectively. According to the last result, it can be noted that the effect of solar shading on the yearly cooling transmission load significantly decreases when increasing the insulation thickness.
Effect of shading on optimum insulation thickness
The effect of shading on the optimum insulation thickness is investigated in this study. The optimum insulation thickness is the thickness of insulation layer that provide the lowest total cost which is the sum of energy and insulation material cost. The acquisition cost of surrounding structures that protect walls from solar radiation is not taking into account. Fig. 7 shows the variation of the total cost versus the insulation thickness for the east/west wall orientation with respect to shade level. It is seen that the total cost decreases with increasing the shade level for all insulation thicknesses. This is due to the fact that the energy cost which is proportional to the yearly cooling transmission load decreases with increasing the shade level. Table 3 shows the optimum insulation thickness for various shade levels. For sd ¼ 0 (0% shade), the highest value of optimum insulation thickness is obtained for east/west facing wall (0.111 m) while its lowest value is obtained for north facing wall (0.104 m). The last result is similar to those obtained in the literature [14] . It is also seen that as shade level increases the optimum insulation decreases at the average rate of 0.035, 0.029 and 0.036 cm per percentage of solar radiation blocked for south, north and east/west oriented wall, respectively. One can note that the impact of solar shading on optimum insulation thickness is more significant for the east/west facing wall. It can be also noted that the value of optimum insulation thickness is the same (0.076 m) for all wall orientations for sd ¼ 97. This is due to the fact that the influence of the solar radiation on the cooling transmission load becomes insignificant at 97% shade.
The variations of energy savings versus insulation thickness with respect to shade level are shown in Fig. 8 for the east/west wall orientation. It can be seen that energy savings decreases when increasing the shade level for all insulation thicknesses. The highest value of energy savings is obtained for the optimum insulation thickness at all shade levels. Table 4 presents the energy savings for all wall orientations and for various levels of shade when the optimum insulation thickness is used. It is seen that as shade level increases, energy savings decreases for all degrees of shade. At any shade level, the highest value of energy savings is obtained for east/ west oriented wall while its lowest value is obtained for north oriented wall.
The payback period and yearly cooling transmission load when optimum insulation thickness is used for all wall orientations and for different levels of shade are summarized in Table 5 . The results show that yearly cooling load decreases while payback period increases with increasing shade level. The highest value of payback period is obtained for north oriented wall while its lowest value is obtained for east/west facing wall for all levels of shade. It is also noted that as shade level increases from 0 to 97%, yearly cooling load decreases by 22.99%, 26.47% and 27.02% for north, south and east/west oriented walls, respectively.
Conclusion
The main purpose of this work was to optimize the thicknesses of insulation layers in external walls of continuously used building in a tropical region with respect to shade level. A Simulink model was constructed from the H-Tools library to estimate the instantaneous heat flux on the inside surface of a typical composite wall while its external surface is exposed to the climatic conditions of Douala in Cameroon. The effect of shading on the peak cooling transmission load was investigated. Results show that intercepting direct component of solar radiation reaching the wall can provide reduction in peak cooling load up to 34%.
The instantaneous heat flux on the inside surface of the considered wall was integrated to determine the daily and yearly transmission loads with respect to shade level. Results showed that solar shading has significant effect on the cooling transmission load. It was also seen that even at 97% shade, heating transmission load is zero for the uninsulated or insulated wall.
The yearly cooling load with respect to shade level was used as input in an economical model to estimate the optimum insulation thicknesses, energy savings and payback periods. Results showed that as the level of shade increases, optimum insulation thickness and energy savings significantly decrease while payback period significantly increases. The optimum insulation thickness decreases at the average rate of 0.035, 0.029, and 0.036 cm per percentage of solar radiation blocked for south, north and east/west oriented walls, respectively. It was also seen that the impact of external shading on optimum insulation thickness is more significant for east/west facing wall.
Considering the consistent impact of shade level on optimum insulation thickness, the design of external walls thermal insulation in a tropical region should take into consideration the shade level of the building site. The procedure proposed in this work should allow others investigations where different economic parameters and climatic conditions can be considered. 12 þ
where a is the time of the occurrence of maximum temperature taking as 14 in this study [25] . T 0 is in the range of 1e24 h. 
A.2. Estimation of hourly values for solar radiation
The monthly averages of daily global and diffuse solar radiation on horizontal surface are calculated using a long-term (1985e2004) averaged values of monthly data supplied by Helio-clim1 [26] . Then, the correlation proposed by Collares-Pereira and Rabl [27] and expressed below is used to estimate the monthly average hourly global radiation (I) from the monthly average of daily global radiation (H). According to Liu and Jordan [28] I d /H d is equal to I 0 /H 0 and can be expressed as:
cos u À cos u s sin u s À pus 180 cos u s (A.5)
The above correlation is used to estimate the monthly average of hourly diffuse radiation on horizontal surface (I d ). The hourly direct radiation (I b ) is obtained by subtracting the hourly diffuse radiation from the hourly global radiation.
Nomenclature
A s
annual energy savings ($ m À2 ) c specific heat (J kg À1 K À1 ) C cost ($) COP coefficient of performance of air 
